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The mechanism involved in the hypertrophic dilation of the foot in naticid snails

was first correctly explained by Schiemenz (1884, 1887) as being based upon a

system of pedal water-sinuses. The peculiar sea-water uptake involved in naticids

was then ignored or completely denied by many writers on molluscan mechanics

(Lankester, 1883, 1884, 1891; Simroth, 1896-1907) and this continued until rela-

tively recently (Brown, 1964; Morton, 1964; Hyman, 1967). A review of the

history of a nineteenth century theory which erroneously attributed distension and

protrusion of all kinds of molluscan organs to direct uptake of sea water is pro-

vided by Carriere (1882). Russell-Hunter and Russell-Hunter (1968) give a

historical survey of published references to Schiemenz's essentially correct con-

clusions on naticid expansion, review the reasons which contributed to the denial

of his work over eighty years, and summarize the present need (in 1968) for an

unequivocal demonstration of the use of a pedal water-sinus system in the expan-

sion of naticids.

The work recorded here and in the preceding paper on the naticid water-sinus

system was adumbrated in a brief report (Russell Hunter and Apley, 1965) on

temporary hyperthermia in Poliniccs duplicates. Independently, Bernard (1968)

and Russell-Hunter and Russell-Hunter (1968) have now reported weighing

experiments which demonstrate the nature and extent of the water uptake involved

in pedal expansion in naticids. This second paper describes and discusses the

use of inulin-labelled sea water in Poliniccs duplicates in an investigation of the

relation of the different water spaces and the rates of water exchange in expanded

snails carried out in summer, 1965. A third paper is being prepared on the micro-

anatomy and histology of the naticid pedal water-sinus system.

MATERIALS AND METHODS

Brief notes on the systematics and ecology of naticids are given in the preceding

paper (Russell-Hunter and Russell-Hunter, 1968). Only one naticid species was

used in the inulin-loading experiments, the more euryoecic and more readily

"trainable" form, Poliniccs ditplicatits. Medium-sized specimens were employed,

all collected by hand from a muddy sand flat at Orleans Town Pond, Cape Cod.

For each experimental snail, shell size, contracted weight and mean expanded
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FIGURE 1.

FIGURE 1. Experimental sequences in inul in-labelling of the pedal water-sinus system in

the naticid, Polinices dnplicatits, with average values for some results. The squares above each

sequence represent the sea water available for uptake on expansion shaded squares inulin-

labelled, and open squares "clean" sea water
; contracted and fully-expanded snails are stylized ;

and the circles below represent the inulin recovered on forced contraction, expressed as a
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weight after training were obtained as in Russell-Hunter and Russell-Hunter

(1968). The mean expansion index for each individual allowed a "standard"

water uptake to be determined for each, and the actual uptake during an experi-

ment was usually expressed as a percentage of this.

Several sequences were used in inulin-loading, but a typical one would run as

follows. A contracted specimen of Polinices was placed in a solution of inulin

(say 50 mg./l. )
in filtered sea water, allowed to expand, forced to contract, allowed

to re-expand and then transferred while fully expanded through several washes

of clean filtered sea water. It would then be left for a definite time in a known

volume of clean sea water, and at the end of the time, weighed in air and forced to

contract. Inulin determinations would then be made on the starting solution, the

final external sea water, and the internal water expelled at the final forced contrac-

tion. This and other sequences are illustrated in Figure 1.

Determinations of inulin concentrations were made by photometric measure-

ment of the red color produced by the reaction of an inulin hydrolysate with

resorcinol. Except for minor changes in the preferred range and quantities of

samples, this is the method of Schreiner (1950), which in itself is a simplified

version of that of Roe ct al. (1949). Such determinations using resorcinol have

been employed by several workers using inulin to determine volumes of extra-

cellular spaces (Ross and Mokotoff, 1951; Cotlove, 1954), and interference from

substances likely to be present in biological salines or sea water is minimal. The

more cumbersome method using the diphenylamine reaction, employed by some

investigators for extracellular volumes (Gaudino and Levitt, 1949), was unsuitable

for our purposes.

The analytic procedure (based on Schreiner. 1950) was as follows. Aliquots

of 5 ml. of unknown samples or standards were pipetted into 75-ml. Pyrex boiling

tubes, each of which already contained 12.5 ml. of 30% hydrochloric acid. Then

5 ml. of an 0.1% solution of resorcinol in 95% alcohol was added to each, and

the tubes, loosely stoppered with conical reflux caps, placed in a water bath at

80 C. for 25 minutes. The samples were then cooled in tap water, and the red

color determined within 40 minutes. (Trials showed that the absorption values

were not significantly changed after 3 hours. ) Extinction values were read against

a sea-water reagent blank on a Beckman DU spectrophotometer with 1 cm. -path-

length cells, mercury lamp and a wave-length setting of 490 m/x. Standards were

run with every experiment, as were additional controls (such as samples expelled

from the pedal water-sinuses of untreated snails). E-values show a linear relation-

ship to inulin concentrations between 5 mg./l. and 55 mg./l., and experimental

procedures were adjusted so that most determinations fell in that range. A stock

0.2% solution of inulin in filtered sea water was prepared at 60 C. (2 g./l.).

This was diluted with filtered sea water, immediately before use, to give "exposure"

percentage of the "loading" concentration. These percentages are also shown as figures to

the left of each circle and, in three cases, the average elapsed time while expanded in "clean"

sea water is also shown. The first sequence is typical of experiments used in investigation of

the effects of "multiple loading" and of "flushing" out of the mantle-cavity, the second and

third show two methods of investigation of the residual volume of the water-sinus system in

contracted snails, and the fourth and fifth typify experiments on the retention of inulin in the

water-sinus system over longer elapsed times while expanded. For further explanation, see

text and Tables I-V.
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solutions in most cases of approximately 50-60 mg. inulin/1. Such high starting

concentrations in the experiments with Polinices allowed much greater accuracy

in the later determinations of inulin in wash waters and in samples from diluted

pedal water. Most results are expressed both as concentrations of inulin in mg./l.

and as percentages of the (subsequently determined) starting concentration.

RESULTS

In a group of preliminary experiments, numbered and trained specimens of

Polinices duplicatus (with contracted weights ranging from 17.3 g. to 26.8 g. ) were

transferred, while contracted, into inulin solutions (46 mg./l. or 97 mg./l.) where

they were allowed to expand fully. Thus the water taken into the pedal water-

sinuses was inulin-labelled. They were then gently transferred, without much

contraction, through successive washes in large volumes of "clean" sea water for

periods of from 17 to 34 minutes. After weighing, damp-dried, in air (expanded

weights 42.8-67.0 g.), forced contraction yielded water samples (23.5 to 40.6 ml.)

TABLE I

Inulin concentrations in the pedal water-sinuses of Polinices duplicatus immediately after

loading (i. e., less than 1 second washing before force contraction and sampling)

Experiment
series #
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TABLE II

Multiple inulin loading of the pedal water-sinuses in Polinices duplicatus, followed

by thorough flushing of the mantle-cavity

Experiment
series #
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TABLE IV

Inulin retention in the pedal water-sinuses of Polinices duplicatus after multiple

loading and elapsed times from 5 to 20 hours

Experiment
series #
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the manipulation, and therefore the final sample concentrations reflect dilution

by the proportion of water in the mantle-cavity which has had time to become

thoroughly flushed out by the ciliary currents. Therefore, the maximum percentage

of all water spaces in the expanded snail made up by the pallial cavity lies between

4.8 and 10.8%. Other circumstantial evidence, and an average value of 2% for

superficial water, would suggest that for medium-sized Polinices duplicatus,

mantle-cavity water usually makes from 5 to 7% of the volume taken in on

expansion.

The factor of the residual pedal water-sinus volume (when the snail is con-

tracted) is assessed in two ways in Table III. (See also the procedural sequences

in Figure 1.) The first group of results in Table III is derived from snails

loaded twice with inulin, force contracted and washed while withdrawn, and then

allowed to re-expand in "clean" sea water. Thereafter, force contraction yields

a water sample from the pedal water-sinuses with an inulin concentration propor-

tional to the residual volume of the water-sinuses when the snail was contracted.

The residual volumes thus represent 11.2-14.7% of the volume of the water-sinuses

in the fully expanded snail. Another approach was to load snails once only,

rapidly wash and then force contract for a water sample. In this case the dilution

of the final inulin concentration is proportional to the residual space. Final con-

centrations of 86.2-88.9% imply residual volumes of 11.1-13.8% by this method

a satisfactory concordance.

As noted above, the majority of experiments began with multiple loading so

the potential dilution from the residual volume of the contracted water-sinus

(mean value 12.8%) can be ignored. However, all the other experiments on inulin

retention in the water-sinuses after various elapsed times can be regarded as

showing a basic dilution of up to about 10% resulting from the combined pallial

and superficial volumes of water. Superimposed on this are the major differences

in water exchange resulting from individual variations in sensitivity and activity

which cause different degrees of pedal retraction within the period of the experi-

ment.

Table IV presents some data on inulin retention in snails 6, 12 or 20 hours

after transfer to "clean" sea water. Of the water within the pedal water-sinuses,

64.4-81.1% can remain unexchanged for 5-6 hours, and 61.6-68.7% for 21 hours.

It should be realized that this set of results represents a biased group, because

any snail which has responded to any stimulus by retraction during the 21 hours

has been automatically removed from the experimental series.

This bias is even more true of the results on inulin retention over 2-3 days

which are presented in Table V. The data were gained from our best habituated

snails, and considerable precautions had to be taken to maintain the animals in

conditions free from major changes in light, temperature, tactile and vibrational

stimuli during the 58 and 72 hours of the experiment. It is remarkable that

49.1-70.7% of the pedal water could remain unexchanged after 72 hours. Other

circumstantial evidence, from commensals (Russell-Hunter and Russell-Hunter,

1968), from the occurrence of temporary hyperthermia (Russell Hunter and

Apley, 1965), and from other behavioral data, confirms the potentially static

nature of the water after it has been taken up into the pedal water-sinuses. It

seems likely that, in nature, a large naticid can remain continuously expanded for

periods of weeks.
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DISCUSSION

Weighing experiments have been used to demonstrate the nature and extent

of sea water uptake into the pedal water-sinus system during the expansion of

naticids. The experiments with inulin-labelled sea water reported in the present

paper provide additional evidence, particularly as regards the relation of the various

water spaces and as regards the rates of water exchange. Both topics merit further

discussion.

The experiments showed that there are three components in the volume of

sea water responsible for the weight increase in expanded snails. Only about 2%
is superficial water on the snail's shell and expanded surfaces, and the water

rapidly circulating through the mantle-cavity amounts to a further 5-7% of the

total. Approximately 90% of the sea-water uptake on expansion enters the pedal

water-sinus system. The earlier conclusion that this system is completely separated

from the blood in the hemocoelic spaces (Schiemenz, 1887; Russell-Hunter and

Russell-Hunter, 1968), is confirmed by the figures for recovery of inulin in many

experiments. In other words, there is no dilution of the sea water in the

water-sinus system that is not accounted for, and none that could involve exchange

with other body fluids. A residual volume of sea water is retained in the contracted

water-sinus system and, immediately after contraction, this amounts to 12.8% of

the volume of the water-sinuses in the expanded snail. Once again, the evidence

from the inulin-loading experiments shows that there is no exchange between the

sea water of this residual space and the blood at any time. Similarly, while the

snail remains contracted there is no exchange between the residual space and the

environmental sea water outside the animal.

Exchange between the environment and the water-sinuses of a fully expanded

snail takes place only to the extent that partial contraction followed by re-expan-

sion occurs. (Over a considerable number of "less successful" experiments not

fully reported above, there was good correlation between the degree of dilution

of the inulin load and the observed frequency and extent of partial contractions.)

The data from inulin-labelling prove unequivocally that the pores of the meso-

podium remain continuously closed in fully expanded specimens of Polinices

dupHcatus. As noted in the discussion of the preceding paper (Russell-Hunter

and Russell-Hunter, 1968), the mechanical value of the pedal sea water to the

snail depends on it being closed off from the environment as a hydraulic skeleton

(temporarily of constant volume) capable of transmitting forces between antagonis-

tic muscles. It is still remarkable that inulin-labelling showed that 49-71% of the

pedal sea water could remain unexchanged after 72 hours.

At first sight, it would seem that surprisingly "stagnant" nature of the water

in the pedal water-sinuses would present certain physiological problems to the

snail. This does not seem to be so, though questions such as long-term osmotic

stress have not yet been investigated. More can be said on the problems of

internal temperature and oxygenation. The large static water content, sealed

off from the environment, can result in a condition of temporary hyperthermia in

Polinices (Russell Hunter and Apley, 1965) a most unusual condition in a

marine "poikilothermic" animal. This was detected using thermistor probes in

field and laboratory. Snails crawling on exposed tidal flats on a summer's day

had internal temperatures ranging from 2.0 C. to above 0.3 C. below the tempera-
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ture of the upper 1 cm. of the sand. The temperature of incoming tidal water

could be as much as 6.5 C. below the temperature of the sand-flats, and the

snails could remain hyperthermic for an appreciable time after tidal submergence.

Subjected to lowered temperatures of this order, larger snails (fully expanded

weights of 102-159 g. )
remained hyperthermic to the extent of 1.8 C. after 5

minutes, 0.9 C. after 10 minutes, and 0.1 C. after 45-60 minutes. Russell Hunter

and Apley (1965) note that, empirically, heat is retained about as well as in an

equivalent volume of confined but circulating water, but markedly less than in

equidimensional foam latex rubber. Such comparison implies some exchange of

water within the animal during cooling but no exchange with the outside. This

is completely in accord with the other evidence on the use of the contained sea

water as a hydraulic skeleton. Such a temporary state of hyperthermia has little

metabolic importance but is probably of considerable behavioral significance since

littoral moon-snails become active immediately after their inundation by the rising

tide.

The other physiological question concerns the oxygenation of this "stagnant"

mass of internal sea water. There is no evidence to suggest that the water has

a lower oxygen tension than that of the snail's blood in the adjacent sinuses.

There is circumstantial evidence to the contrary provided by the protistan and

harpacticoid commensals which have been recovered from expelled water (Russell-

Hunter and Russell-Hunter, 1968). Further, even the most isolated tissues of

animals fully expanded for many days remain healthy and responsive. In other

words, the ensheathing pavement epithelium and collagen-like connective tissue

layers, while mechanically tough, offer no physiological barrier to the diffusion

of oxygen.

In broad terms, it seems as if very little energy is expended by a Polinices in

remaining fully expanded, and perhaps there is a more considerable energy

expenditure involved in a complete cycle of contraction and re-expansion. It

would seem that the capacity for habituation, which we have exploited in these

experiments, must have some adaptive significance. Further, it is clear that

sustained contraction and handling over a period of minutes will produce a

traumatic change in behavior in Polinices dnplicatus. "Wild" snails which have

experienced such a forced contraction re-expand within 8 minutes, but soon burrow

deep into the substratum where they remain immobile but expanded for some time.

This behavior was detected as introducing a source of bias when capture-recapture

methods were being used to assess population density in Polinices (Russell Hunter

and Grant, 1966). This study also produced quantitative evidence that recovery

from such trauma is complete in just over two tidal cycles, or in about 25.5 hours.

Finally, it should be noted that although inulin-labelling experiments were

carried out only on Polinices duplicatus, there is reason to believe that the results

would be similar with any large naticid. All available information suggests that

such features as (1) the large proportion (about 90%) of the sea water uptake

going into the pedal water-sinuses, and (2) the potentially static nature of the

sea water after it has been taken up, would be as true of Lunatia heros, Polinices

'isi and P. josephinus as they are of P. duplicatus.

We are greatly indebted to Jay Shiro Tashiro and Myra Russell-Hunter for

their help with calculations, and in the preparation of this paper.
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SUMMARY

1. Inulin-labelled sea water has been used in an investigation of the pedal

water-sinus system, and other water spaces, in Polinices duplicatus. Analyses
were by a photometric measurement of the reaction of inulin hydrolysate with

resorcinol.

2. Of the sea wrater uptake during expansion : about 90% enters the pedal

water-sinus system, about 5-7% is water which rapidly circulates through the

mantle-cavity, and about 2% is superficial water on the snail's shell and expanded
surfaces.

3. When the snail is in the contracted state a residual volume of sea water is

retained in the pedal water-sinus system, and this can amount to 12.8% of

the volume of the pedal system in the expanded snail.

4. There is no exchange between the water-sinus system and the blood at any
time and, in the fully expanded snail, little or no exchange between the system

and the environmental sea water. Labelling showed that 49-71% of the pedal

sea water could remain unexchanged after 72 hours.

5. The surprisingly "stagnant" nature of the sea water in the pedal water-

sinuses is discussed. Physiological consequences are probably slight, though, under

certain ecological conditions, the large static water content is responsible for an

unusual condition of temporary hyperthermia. A hypothesis, that little energy

is expended by a Polinices in remaining fully expanded, is coupled with evidence

of traumatic change in behavior resulting from sustained contraction. It seems

likely that the features of water spaces and exchange rates demonstrated in

Polinices duplicates would be similar in any large naticid.

LITERATURE CITED

BERNARD, F. R., 1968. The aquiferous system of Polinices Ictvisi (Gastropoda, Prosobranch-

iata). /. Fish. Res. Bd. Canada, 25 : 541-546.

BROWN, A. C, 1964. Blood volumes, blood distribution and sea-water spaces in relation to

expansion and retraction of the foot in Biillia (Gastropoda). /. Exp. Biol., 41:

837-854.

CARRIERS, J., 1882. Die Fussdriissen der Prosobranchier und das Wassergefass-System der

Lamellibranchier und Gastropoden. Archil', utikr. A not., 21 : 387-467.

COTLOYE, E., 1954. Mechanism and extent of distribution of inulin and sucrose in chloride

space of tissues. Amcr. J. PhysioL, 176: 396-410.

GAUDINO, M., AND M. F. LEVITT, 1949. Inulin space as a measure of extracellular fluid. Amcr.

J. PhysioL, 157 : 387-393.

HUNTER, W. RUSSELL, see Russell-Hunter, W. [D.]

HYMAN, L. H., 1967. The Invertebrates. Vol. VI: Mollusca I. McGraw-Hill Book Com-

pany, Inc. New York.

LANKESTER, E. RAY, 1883. Mollusca. In: Encyclopaedia Britannica, 9th Edition, London.

LANKESTER, E. RAY, 1884. The supposed taking-in and shedding-out of water in relation to

the vascular system of molluscs. Zoo/. Anz. 7 : 343-346.

LANKESTER, E. RAY, 1891. Mollusca. In: Encylopaedia Britannica, 13th Edition. London.

MORTON, J. E., 1964. Locomotion. In: Physiology of Mollusca (K. M. Wilbur and C. M.

Yonge, eds.). Vol. I. Academic Press, Inc., New York.

ROE, J. H., J. H. EPSTEIN, AND N. P. GOLDSTEIN, 1949. A photometeric method for the

determination of inulin in plasma and urine. /. Biol. Chem., 178 : 839-845.

Ross, G., AND R. MOKOTOFF, 1951. Determination of inulin in muscle. /. Biol. Chcm., 190:

659-663.



PEDAL EXPANSION IN NATICIDS. II 573

RUSSELL HUNTER, W., AND M. L. APLEY, 1965. A condition of temporary hyperthermia in a

marine littoral snail. Biol. Bull., 129 : 408-409.

RUSSELL HUNTER, W., AND D. C. GRANT, 1966. Estimates of population density and dispersal

in the naticid gastropod, Polinices dnplicatus, with a discussion of computational meth-

ods. Biol. Bull, 131 : 292-307.

RUSSELL-HUNTER, W. D., AND M. RUSSELL-HUNTER, 1968. Pedal expansion in the naticid

snails. I. Introduction and weighing experiments. Biol. Bull., 135: 548-562.

SCHIEMENZ, P., 1884. Uber die Wasseraufnahme bei Lamellibranchiaten und Gastropoden

(einschliesslich der Pteropoden). Mitt. zoo!. Stat. Neapel, 5 : 509-543.

SCHIEMENZ, P., 1887. t)ber die Wasseraufnahme bei Lamellibranchiaten und Gastropoden

(einschliesslich der Pteropoden). Zweiter Theil. Mitt. sool. Stat. Neapel, 7: 423-

472.

SCHREINER, G. E., 1950. Determination of inulin by means of resorcinol. Proc. Soc. Exp.

BiolMed,, 74: 117-120.

SIMROTH, H., 1896-1907. Gastropoda Prosobranchia. In: Klassen und Ordungen des Tier-

reichs (H. G. Bronn ed.). Vol. Ill Akademische Verlagsgesellschaft, Leipzig.



THE IDENTIFICATION AND MEASUREMENT OF SUGARS IN THE
BLOOD OF THREE SPECIES OF ATLANTIC CRABS 1

MALCOLM TELFORD 2

Department of Zoology, McGill University, Montreal, Quebec

Although considerable attention has been given to the physiology and bio-

chemistry of the Crustacea, their carbohydrate metabolism did not become known

until Hu (1958) found evidence that it was not unlike that of other animals.

Using paper chromatography Hu found glucose, maltose, maltotriose, maltotetrose

and two other oligosaccharides in the blood of the crab, Hemic/rapsus nudus.

Since then these same sugars have been reported in Cancer magister (Meenakshi

and Scheer, 1961) several other crabs (Dean and Vernberg, 1965a), the crayfish,

Orconectes virilis (McWhinnie and Sailer, 1960) and the lobster, Homarus

americanus (Telford, 1968a). The non-reducing disaccharide, trehalose, was found

in nine species of crustaceans by Fairbairn (1958) and in traces in some crabs

(Dean and Vernberg, 1965a). In the American lobster trehalose appears to be a

significant minor component of the blood involved in the response to handling stress

(Telford, 1968b). Several monosaccharides, galactose, mannose, fucose and

fructose were found with sporadic occurrence (above references).

In this paper the results of chromatographic analysis of the blood sugars in

the crabs Carcinas macnas. Cancer borealis and Cancer irroratus are related to

measurements of blood glucose and total reducing sugar. Some evidence of changes

with the molt cycle and reproductive activity is also given. A comparison is then

made between these data and the rather scattered observations in the literature.

MATERIALS AND METHODS

Collection of animals and blood samples

Both C. borealis and C. irroratus were obtained from lobster traps at Port

Clyde Maine. Three point five to 4.0 ml. of blood was taken via the articular

membrane at the base of the cheliped. Decapod crustaceans become hyperglycemic

following the stress of handling (Abramowitz ct a!., 1944"). To avoid this reaction

blood samples were obtained at the moment of capture with the animals in as

nearly an undisturbed state as possible. Carcinas macnas was collected in the

intertidal zone at Port Clyde. Only from the largest specimens could 4.0 ml.

blood be obtained
; normally only about 2.0 ml. were collected. The shore crabs,

C. maenas. were obtained in several stages of the molt cycle but the other two

species were taken only in premolt and late postmolt or intermolt because they

do not enter the traps at other times. Collections were made monthly from May

1 Some of this work forms part of a Ph.D. thesis submitted to the Department of Zoology,

McGill University, Montreal, Quebec.
- Present address : Department of Zoology, University of Toronto, Toronto 5, Ontario.
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through October, 1966, and September, 1967. The size range of C. borealis used

was from 6 cm. up to about 18 cm. across the carapace. Cancer irroratus is

smaller and the range used was 5-15 cm. The size range of C. maenas was

411 cm. In all three species males are generally larger than females.

As anticoagulant 4.0 ml. Heller's oxalate (Gradwohl, 1943) was used (2.0 ml.

for the smaller blood samples). The anticoagulant was evaporated to dryness

before use, thus avoiding dilution of the blood sample. The oxalated blood was

stored frozen until use.

Preparation of samples

Large amounts of oxalate are necessary because coagulability varies during

the molt cycle, presumably because of fluctuating blood calcium levels (Travis,

1955). Excess oxalate, however, interferes with the determination of glucose.

Before deproteinizing the 1.0-ml. aliquots of blood, oxalates were precipitated by

addition of 2.0 ml. 1% CaCL. Proteins were precipitated by the Somogyi (1930)

TABLE I

Monthly levels of blood glucose and reducing substances (RS) in Cancer borealis

(mg./lOO ml.) Port Clyde, Maine, May-October, 1966

Month
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Paper chromatography

In preparation for chromatography individual blood samples of 1.0 or 2.0 ml.

(as available) were coagulated by brief immersion in a boiling water bath (about

45 sec.). The clot was broken up and extracted with three washings of 60%
methanol which were then pooled. Deionization on ion exchange columns followed

(Telford, 1965) and the eluate was dried at 40 C. The residue was redissolved

in 0.1 or 0.2 ml. pyridine (depending on size of original blood sample). Various

sugars, alone and in mixtures, were prepared in the same way without showing

any changes in chromatographic characteristics. The pyridine solutions were

spotted onto Whatman #3 paper and developed for 16 hr. in a descending flow

of ethyl acetate: pyridine: water, 8:2:1 (v/v/v) (Jermyn and Isherwood, 1949).

Detection of sugars on the developed chromatograms was by one of three
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FIGURE 1. Relationship between blood glucose and reducing substances

in the crab, Cancer borealis.
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ways: (1) spray with 3% phthalic acid in 95% ethanol, viewed under UV light,

(2) 0.5% benzidine in acetic acid-trichloracetic acid-ethanol, and (3) AgNO 3
in

acetone followed by 10% NaOH in 80% methanol (all methods in Dawson et al.,

1959).

Estimates of concentration in the spots were made by visual comparison with

spots of known concentration and by chromatographing various sizes of samples
to determine threshold of visibility with the detecting agents. Neither method

is particularly accurate but estimates of the right order of magnitude are obtain-

able.

Reagents

The chemicals used were Fisher "Certified" and the carbohydrates for chroma-

tography were obtained from Sigma Chemical Co. Ltd.

RESULTS

Mean levels of glucose and total reducing substances (RS) in the blood of

C. borealis made at monthly intervals are given in Table I, together with the

number of specimens (N) and the standard error of the mean (S.E.).

TABLE II

Blood glucose and reducing substances during the molt cycle of Carcinas maenas (mg./lOO ml.)

Stage
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origin
maltotriose

trehalose

maltose

unidentified

galactose

glucose

fructose

FIGURE 2. Paper chromatogram of blood sugars of Cancer borealis. Left, center and

right, control mixtures of trehalose, maltose, galactose, glucose and fructose, 1.5 7, 3.0 7 and

7.5 7 each, respectively (traced from photograph).

does not vary significantly from month to month, nor between the sexes, and it

indicates the same level of significance for the variations in monthly mean glucose

and reducing substance levels as did the analysis of variance already cited.

The crabs, C. maenas, were collected in September, 1967, in various molt stages.

Intermolt and very early premolt, C 4

-- D of Drach (1939), were not separated

but were treated together as a single intermolt stage which was recognized by

color, hardness of shell, texture, color and consistency of the blood etc. Premolt,

stages D x

-- D
4
of Drach, was recognized by darker color with blueness of cheli-

peds, development of new epicuticle and exocuticle and regeneration of damaged

appendages. The earliest postmolt stage, stages A
x

A
2

of Drach, was easily

recognized by the non-calcified shells and the next postmolt stage, stages B
t

B
2

of Drach, by the partially calcified exoskeleton. Postmolt, Q C
3

of Drach,

was recognized by the color and texture of the shell and blood. Table II shows

blood glucose and reducing sugars in these general molt stages. These dif-
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ferences are found by analysis of variance to be significant at the 0.05 level. No

attempt was made to determine the significance, if any, of the differences

between sexes, because there are too few observations to produce a reliable result.

A total of 67 specimens of C. irroratus were taken from lobster traps in May
and June (1966), 31 males and 36 females. The mean glucose level for these was

8.1 mg./lOO ml. (S.E. 0.23) and reducing substances 11.9 (S.E. 0.39); no dif-

ference in sex was apparent. No other determinations were made on this species

(except chromatography, below) because C. borealis was readily available in

much greater numbers in the areas where lobster traps were being set.

Chromatography of deionized blood samples (Figs. 2 and 3) revealed the

occurrence of six sugars in the amounts estimated in Table III. Mobility of the

sugars is expressed relative to glucose (Rg) because the solvent front was

allowed to leave the paper. The bracketed percentage figure indicates the approxi-

mate number of samples in which each sugar was found. The estimated

quantity is maximal in these samples. The unidentified carbohydrate was com-

OOQOOOOO

origin

maltotriose

trehalose

maltose

unidentified

galactose

glucose

f ruct ose

FIGURE 3. Paper chromatogram of blood sugars of Carcinas macnas.

Controls as in Figure 2 (traced from photograph).
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pared to maltose in estimating its concentration. The following criteria were used

for identification of the sugars. Maltotriose : plot of Iog10 Rg against number of

hexose units places it on a straight line with maltose and glucose (McWhinne and

Sailer, 1960) (Fig. 4). No maltotriose was available for direct comparison.

Trehalose: same mobility as control spots, reinforcement of spots when trehalose

added to sample, lack of reaction with phthalic acid or benzidine indicates non-

reducing nature, appearance of spot with silver nitrate at same time as trehalose

(this is due to the very strong alkali used, 10% NaOH). Maltose, glucose and

fructose : mobilities, lack of proliferation when these sugars wr

ere added to blood

samples, corresponding blood sugars show reducing activity and appear in same

sequence and time intervals with AgNO 3-NaOH spray (fructose-glucose-maltose).

The mobility of the unidentified component suggests a disaccharide and its reaction

with both phthalic acid and benzidine indicates a reducing group.

A total of ten female C. borealis was obtained carrying egg masses. On one

of these the sponge was old; blood glucose and reducing substances levels were

TABLE 111

Estimated concentrations of blood sugars found in three species of crabs

with the frequencies of occurrence (%)

Sugar
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FIGURE 4. Identification of presumed maltotriose by plotting molecular size

and logio mobility (after McWhinnie and Sailer, 1960).

(by anthrone method) in the crab Hemigrapsus nudus. More recently Dean and

Vernberg (1965a, b) using the same methods as McWhinnie and Sailer (1960),

found the same relationship in several species of crabs and stated specifically that

no matter what the glucose level, its ratio to total reducing substances was con-

stant. This is clearly not the case in C. borealis where glucose is the variable

blood sugar and the non-glucose component remains approximately constant at

about 3 mg./lOO ml. In the lobster, Homarus americanus, this same relationship

has been found, variable glucose levels and approximately constant non-glucose

around 4.4 mg/100 ml. (Telford, 1968a). In the special case of females carrying

eggs there is evidence of significant differences between them and other females

(0.01 level by /-test). In Table IV these and similar data from Dean and Vern-

berg (1965b) are compared.

A similar series of changes in glucose levels evidently occurs in the two species

but according to the data for C. sapidus another reducing substance also undergoes
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the same changes. No attempt was made to identify this substance. Dean and

Vernberg (1965b) appear to have used a heat-coagulated blood for their reducing

substance determination. This method does not completely deproteinize the sample

and leaves most or all of the non-carbohydrate reducing matter in the filtrate.

These interfering substances may have masked the true relationship between

glucose and reducing sugars in the studies with heat-coagulated blood.

The amount of color produced by several sugars with the Folin-Malmros method

used in this study was determined and expressed as a percentage of the color

given by the same amount of glucose. Trehalose, as expected, gave no reaction
;

maltose gave 60% of its glucose equivalent, fructose 104%. The estimated amounts

of sugars other than glucose found in chromatograms (Table III) are the maximum

levels found. Assuming that the unknown reducing disaccharide would react like

maltose (lactose, for example, gives about 55%), then the total non-glucose

carbohydrate component of the reducing substances would have a maximum value

of about 6 mg./lOO ml. The estimated normal level is closer to 2 mg./lOO ml. or,

TABLE IV

Glucose and reducing substances levels in C. borealis and C. sapidus carrying egg sponges

Species
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1965; 1968a, 1968b) but it was not found by either McWhinnie and Sailer (1960)

or Dean and Vernberg (1965a). It has been reported in some insects (Leven-

brook, 1950). No sign of the curious "galactan derivative" of McWhinnie and

Sailer (1960) was found, nor of galactose. Maltotetrose has often been reported

by other workers but no spot corresponding with its probable position could be

found with the detection reagents used here, nor by examination under UV light

when tetroses should fluoresce. Following molting the blood of C. maenas has

only traces of sugars other than glucose ;
the oligosaccharides are severely depleted

as in lobsters at this stage (Telford, 1968a).
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SUMMARY

1. Blood glucose levels in the crab Cancer borealis ranged from 0.4 mg./lOO ml.

to 29.3 mg./lOO ml. with a mean value of 8.6 mg./lOO ml. In the same animals

blood reducing substances were in the range 3.3-29.5 mg./lOO ml. with a mean of

11.6 mg./lOO ml. Blood glucose and reducing substances in the other two species

of crabs tested, Cancer irroratus and Carcinas maenas, were in the same ranges.

2. Changes in the blood glucose level account for most of the variations in

reducing substances; the other components remain approximately constant, at

about 3 mg./lOO ml. The relationship between blood glucose and reducing sub-

stances is thus a simple straight line one.

3. Variations of blood sugar levels during the molt cycle were found in

Carcinas maenas and probably occur also in Cancer borealis. Qualitative changes

in blood sugar composition also occur.

4. Significant changes also occur in Cancer borealis females carrying eggs and

at this time the relationship between blood glucose and reducing substances changes,

the two values converging as the egg mass ages.

5. Paper chromatography of the blood of these three species of crabs shows

the presence of glucose, fructose, maltose, an unidentified reducing disaccharide

and occasional traces of maltotriose and trehalose.
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